A simple and rapid method with low radiation exposure risk was developed for the determination of neodymium in spent nuclear fuel by capillary electrophoresis with laser-induced fluorescence detection using a fluorescent probe having a macrocyclic hexadentate polyaminocarboxylate structure. The concentration of Nd(III) in a spent nuclear fuel sample was determined with no interference from various matrix elements, including lanthanides and uranium (at a 200-fold excess), with 92 ± 3% recovery. This is due to high resolution based on establishing a ternary complex equilibrium during migration in which the hydroxyl ion plays an auxiliary role (log KLn-L-OH = 3.9 -5.3).
Introduction
For safe disposal of high-level radioactive wastes, it is important to evaluate the composition and concentration of radionuclides in wastes in a rapid, accurate and safe way. Spent nuclear fuel is the major source of such waste, and the burnup (degree of fuel consumption) renders an accurate estimate of the composition of radionuclides in spent nuclear fuel. The burnup can be calculated from the concentration of indicator isotopes, among which 148 Nd is one of the most troublesome isotopes to be analyzed. According to the American Society for Testing and Materials (ASTM) standard method, 1 
Nd concentration is determined using thermal ionization mass spectrometry after many sample pretreatment steps, including complicated and time-consuming chemical operations, e.g., separations from uranium matrix and isobaric elements using ion-exchange columns. The whole process takes more than two weeks. Recently, it was reported 2 that the total Nd concentration in spent nuclear fuel is highly correlated with the 148 Nd concentration, and the estimate from this correlation is within 3% of the burnup-calculated value. Hence, rapid determination of the total Nd concentration would give a reasonable approximation of the composition and concentration of radionuclides in the spent nuclear fuel.
For the rapid determination of the Nd concentration in the sample including various metal matrices, capillary electrophoresis (CE) is a promising method. There are many reports about CE with indirect or direct UV detection for lanthanide ions to be applied to a separation technique using the difference in complexation equilibrium between lanthanide ions and complexing agents added in background electrolyte (BGE). [3] [4] [5] [6] Although a CE separation technique for lanthanide ions with a polyaminocarboxylate as a complexing agent with direct UV detection was reported by Timerbaev and coworkers, 7 it had neither sufficient sensitivity nor selectivity to be amenable to practical fuel samples. With this objective, in the present study, we focused on employing CE with laser-induced fluorescence (LIF) detection. To make neodymium detectable, a fluorescent complexing probe, FTC-ABNOTA (H5L, FTC = fluorescein-thiocarbamyl, AB = 1-(4-aminobenzyl), NOTA = 1,4,7-triazacyclononane-1,4,7-triacetate, for the formula (Fig. S1 , Supporting Information) was used. The established CE method is simple and rapid, and more importantly has a low risk of radiation exposure due to dealing with small radioactive samples. Indeed, the prepared and injected volumes of the radioactive sample solution required for CE are very small: 15 μL and 5 nL, respectively. In our previous work, 8 CE-LIF was utilized to determine Nd at the ppb level in simulated samples that included lanthanides and uranium using H5L. Still, the applicability of the CE-LIF method to actual nuclear samples was difficult to assess in terms of sample handling (including adsorption of trace amounts of Nd-L complex on cuvettes) and freedom from interference from coexisting ions. The treatment of such samples requires radioactivity to be kept below permitted levels (usually achieved by sample dilution with an acid) and typically carried out under a fume hood, where handling is fairly easier than in a concrete cell. For practical use, it was necessary to improve low reproducibility of Nd peak height due to lower concentrations (less than 1 ppb) in a realistic sample solution prepared for CE-LIF measurement. In addition, for the complete separation of Nd from the coexisting ions, especially lanthanide ions, investigation of the separation mechanism of the Nd complex is required in order to optimize the composition of the BGE. In this paper, the applicability of CE-LIF for determining Nd in a spent nuclear fuel sample from a pressurized water reactor (PWR) is described. The analytical procedure developed takes advantage of small-scale handling (using a new cuvette) and separation via dynamic ternary complex formation between the parent complex (Nd-L) and hydroxyl ions.
Experimental

Reagents and chemicals
The emissive probe FTC-ABNOTA (H5L) was synthesized according to our previous report. 8 The stock solution of H5L (10 -5 -10 -3 M) was prepared by dissolving the powder in ultrapure water (>18 MΩ·cm) obtained from a Milli-Q system (Millipore, Molsheim, France) and sodium hydroxide (ultrapure grade, Kanto Chemical, Tokyo, Japan). All solutions were prepared using ultrapure water. The BGE was a borate buffer solution prepared by mixing boric acid (99.9999% purity, Merck, Darmstadt, Germany) and sodium hydroxide. All other reagents used were of analytical grade unless otherwise stated.
Apparatus
The CE-LIF system consisted of a G7100 Model CE instrument (Agilent Technologies, Waldbronn, Germany) and a LIF detector (ZETALIF Discovery, Picometrics, Toulouse, France) equipped with a 20 mW diode-pumped solid-state laser (85-CD-020-230, Melles Griot, CA) for excitation at 488 nm. A perfluoroalkoxy vial insert for commercially available polypropylene or glass sample vials was designed and prepared (Fig. S2, Supporting Information) . A fused-silica capillary (50 μm i.d. and 375 μm o.d., a total length of 69 cm and an effective length of 50 cm) with a light-collecting lens was purchased from Picometrics. A new capillary was conditioned by rinsing with 1 M NaOH for 20 min and ultrapure water for 20 min. Between runs, the capillary was rinsed with 1 M NaOH for 10 min, ultrapure water for 10 min and BGE for 10 min.
Typical procedure for spent nuclear fuel sample
A spent nuclear fuel sample obtained from a PWR with a calculated burnup of 45 GWd t -1 and a cooling time of 20 years was dissolved in 4 M nitric acid. Total radioactivity of the divided stock sample solution was 7.2 × 10 3 Bq/mL (2 mL). Specifically, the radioactivity of 137 Cs, which is the main radiation source, was 2.2 × 10 3 Bq/mL, and total concentrations of U and Nd were 720 and 3.6 ppb, calculated by ORIGEN2 code, 9 respectively. Solutions of the emissive probe (10 μL) and borate buffer (10 μL) were added to the stock sample solution (50 μL) without any pre-separation. Typical concentrations of the mixed solutions (200 μL, 360 Bq) diluted with ultrapure water were 0.5 μM for the probe and 20 mM for the borate (H3BO3-NaOH) at pH 8.9 -9.2. The composition of the analyzed solution of the spent nuclear fuel sample is detailed in Table 1 . The prepared sample solution was introduced into the capillary hydrodynamically from the anodic end (at 5 kPa for 5 s, sample volume 5 nL). A voltage of 20 kV was applied with typical current values in the range of 10 -30 μA. The LIF semiconductor laser power and the voltage of the detector photomultiplier were set at 8 mW and 570 V, respectively. The temperature was set at 298 K by air cooling.
Results and Discussion
Effect of ternary complexation on mobility of Ln-probe complexes
To clarify the separation mechanism for the Ln complexes, the relationship between the mobility of the Nd, Gd and Lu complexes and the hydroxide concentration was investigated. Complete separation of Nd from other Ln ions has been previously demonstrated. 8 Sodium perchlorate was used for adjusting the ionic strength in the BGE (I = 0.1). The dependence of the mobility of the Ln complexes on the pH is shown in Fig. 1 . When the pH increased, the mobility dramatically decreased. The highest resolution was obtained at pH 9.6, indicating that effective charges of the Ln complexes become more negative as the result of forming ternary complexes, [Ln-FTC-ABNOTA- OH   -] 3-. This is in contrast with the fact that adding a high concentration of borate to the BGE exhibits no effect on mobility (Fig. 1) 
where μLnL and μLnL-OH represent mobilities of the respective complexes and Ka is the acid dissociation constant for the Ln The concentrations of uranium and plutonium were determined by titration and alpha spectrometry, respectively, and for others were calculated using an isotope generation and depletion code ORIGEN2. The concentration of nitric acid in the sample was 1.58 wt%.
complex. The lines in Fig. 1 , which were calculated using Eq. (1) by a least square nonlinear fitting, agree well with experimental mobility values (R 2 = 0.987 -0.998). This confirms that the hydroxyl ion participates in the separation between the Ln complexes. The Ka values and the number of coordinated water molecules and hydroxide in various Ln-polyaminocarboxylate complexes as reported in the literature are summarized in Table S1 (Supporting Information). [10] [11] [12] [13] [14] [15] It is difficult to examine the acid dissociation process of the coordinated water molecules in Ln-polyaminocarboxylate complexes because scrutinizing the acid dissociation process requires the employment of sophisticated techniques such as time-resolved luminescence spectroscopy (TRLS). [10] [11] [12] This work, in which the pKa values were determined for the first time, to the best of our knowledge, demonstrated that the CE technique is fairly effective to accomplish this challenging task.
The determined pKa values for Nd, Gd and Lu complexes were 10.1 ± 0.1, 9.8 ± 0.2 and 8.7 ± 0.2, respectively. The detailed results on μLnL, μLnL-OH and pKa are presented in Table S2 (Supporting Information). The obtained values are close to those for the Tb-ABNOTA complex determined by energy-transfer luminescence measurements (pKa = 9.4). 15 Heavier lanthanide complexes display smaller pKa values. This indicates that the acid dissociation of the Ln complex occurs easier upon growing the atomic number of Ln. Due to lanthanide contraction, the electrostatic interaction between Ln 3+ and a probe generally increases with increasing the charge density of Ln 3+ and atomic number. In the case of trans-cyclohexane-1,2-diaminotetraacetic acid (CDTA) , an acyclic hexadentate probe, the Ln-CDTA complexes seemed to form ternary complexes with the hydroxyl ion at pH 11, resulting in good separation. 7 In the case of ethylenediaminetetraacetic acid (EDTA), an acyclic hexadentate probe, the La-EDTA complex forms ternary complexes with the hydroxyl ion at pH levels higher than 11. 16 By using TRLS with a deconvolution technique, Thakur and coworkers found that the Eu-EDTA complex exists as [Eu-EDTA(H2O) 2.7] -and [Eu-EDTA(OH)] 2-at pH 8 and ≥ 9, 13 respectively (Table S1 , Supporting Information); judging from this result, the pKa value falls likely in the range between 8 and 9.
Quantification of Nd in spent nuclear fuel
After the preparation of an actual fuel sample, the concentration of Nd falls below the ppb level. This causes low reproducibility of analyte peak height and area when using commercially available polypropylene or glass sample vials (Fig. 2) , possibly because of adsorption of the Nd complex on the walls. To overcome this shortcoming, we designed and prepared a perfluoroalkoxy vial insert (Fig. S2, Supporting Information) . Its use ensured the recovery of approximately 100%; this compares with the performance of vials made of polypropylene or glass, affording recoveries of 50 and 80%, respectively (Fig. 2) .
The optimal pH for the determination of Nd in spent nuclear fuel, that is, pH 9.6, is close to the pKa value of the Nd complex (pKa = 10.1). This is consistent with the fact that the highest resolution commonly agrees with the pKa.
A typical electropherogram obtained for the spent nuclear fuel sample is shown in Fig. 3 . The peak of Nd was distinctly detected and separated from peaks of other lanthanides, and no interference was observed from coexisting uranium and nitrate ions (over 200-fold and 10 7 -fold excess, respectively). The radioactive waste resulting from the Nd analysis was substantially reduced by using this system in comparison to that of ICP-MS analysis after separations using ion-exchange columns, because only the separation capillary and small vials come into direct contact with the radioactive solutions. With respect to uranyl ions, it appears that the UO2-L complex dissociates to free UO2 2+ and L during migration. Good linearity was obtained in the range of 0.5 -20 ppb with the correlation coefficient of R 2 = 0.997 (peak area = 0.0214 CNd (ppb) + 0.0057). The determined value by standard addition method for Nd was 0.85 ± 0.09 ppb (N = 3) in the spent fuel, which is in good agreement with the value of 0.9 ppb determined by ICP-MS. The accuracy test conducted by spiking the fuel sample solution with 1 ppb Nd showed 92 ± 3% recovery (n = 3). 
Conclusions
The CE-LIF method shows great potential for determining Nd in actual spent nuclear fuel by using the fluorescent probe, modifying the sampling vial and regulating the pH of the BGE. It offers significantly faster (12 min) and simple analysis, with smaller samples (5 -50 μL) and lower exposure level (less than 0.01 μSv, within 1 min for handling of main exposure source, divided stock sample solution) than ICP-MS with 2 weeks of sample preparation and samples of a few mL required for analysis. It was also shown that dynamic ternary complex formation between Ln complexes and hydroxyl ions is the key to obtaining high resolution. We anticipate the use of the developed CE-LIF system for analysis of nuclear fuel debris from the Fukushima Daiichi Nuclear Power Plant accident.
